Atopic diseases such as allergy and asthma are characterized by increases in Th2 cells and serum IgE antibodies. The binding of allergens to IgE on mast cells triggers the release of several mediators, of which histamine is the most prevalent. Here we show that histamine, together with a maturation signal, acts directly upon immature dendritic cells (iDCs), profoundly altering their T cell polarizing capacity. We demonstrate that iDCs express two active histamine receptors, H1 and H2. Histamine did not significantly affect the LPS-driven maturation of iDCs with regard to phenotypic changes or capacity to prime naive T cells, but it dramatically altered the repertoire of cytokines and chemokines secreted by mature DCs. In particular, histamine, acting upon the H2 receptor for a short period of time, increased IL-10 production and reduced IL-12 secretion. As a result, histamine-matured DCs polarized naive CD4 + T cells toward a Th2 phenotype, as compared with DCs that had matured in the absence of histamine. We propose that the Th2 cells favor IgE production, leading to increased histamine secretion by mast cells, thus creating a positive feedback loop that could contribute to the severity of atopic diseases.
Introduction
Naive CD4 + T cells differentiate into Th1 or Th2 subsets, characterized by the release of distinct patterns of cytokines. Th1 cells produce IFN-γ and TNF-β, which promote cell-mediated immunity, while Th2 cells secrete IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13, which favor humoral responses (1) . The polarization of naive T cells toward Th1 or Th2 phenotypes is mediated primarily by dendritic cells (DCs). Peripheral tissues are populated by immature DCs (iDCs), highly endocytic cells that are well adapted for the capture of antigens, but are inefficient antigen-presenting cells (APCs). Upon encountering microbial products or inflammatory cytokines, iDCs reduce antigen (Ag) uptake, migrate to the draining lymph nodes, and upregulate surface expression of MHC, adhesion, and costimulatory molecules. In this mature state, DCs are potent APCs that display a unique capacity for activating and polarizing naive T cells (2) (3) (4) . Although distinct DC subsets with different Th-inducing potentials have been described (5-7), DCs also display functional plasticity, and can be instructed to polarize T cells by inflammatory mediators that are present in the peripheral microenvironment. These mediators control the production of cytokines by mature DCs (mDCs) after they have migrated to the draining lymph nodes (8) . For example, iDCs that are exposed in the periphery to both a maturation stimulus and IFN-γ produce high amounts of IL-12, a crucial factor in the induction of Th1 responses, when they reach the lymphoid organs (9, 10) . Conversely, the presence of prostaglandin E2 or IL-10 at a site of inflammation results in mDCs that have both a reduced capacity to release IL-12 and a tendency toward Th2 polarization (11) (12) (13) (14) (15) . The levels of DC-derived IL-12 are instrumental in the Th1-Th2 balance, but additional factors, including the strength and duration of antigenic stimulation or the nature of costimulatory molecules, might also be involved (16) (17) (18) (19) .
Mast cells, the primary effectors of immediate-type allergic reactions, reside in peripheral tissues that directly interface with the external environment (20) . Crosslinking of surface IgE by cognate antigens, or direct binding of microbial products or complement components to cellular receptors, induces mast cells to release large amounts of inflammatory mediators such as histamine, proteases, prostaglandins, and leukotrienes. In addition, activated mast cells produce a number of cytokines, including TNF-α, GM-CSF, IL-3, IL-4, IL-5, IL-6, IL-10, and IL-13, that have the potential to influence T cell and B cell responses; IL-4, in particular, strongly favors Th2 formation. Because mast cells have the capacity to process and present antigens to both CD4 + and CD8 + T cells in vitro, it was speculated that they might play an important role in activating and polarizing T cells in vivo (21, 22) . However, this hypothesis seems unlikely, because mast cells reside in anatomical compartments that are distinct from those populated by naive T cells. On the other hand, both Atopic diseases such as allergy and asthma are characterized by increases in Th2 cells and serum IgE antibodies. The binding of allergens to IgE on mast cells triggers the release of several mediators, of which histamine is the most prevalent. Here we show that histamine, together with a maturation signal, acts directly upon immature dendritic cells (iDCs), profoundly altering their T cell polarizing capacity. We demonstrate that iDCs express two active histamine receptors, H1 and H2. Histamine did not significantly affect the LPS-driven maturation of iDCs with regard to phenotypic changes or capacity to prime naive T cells, but it dramatically altered the repertoire of cytokines and chemokines secreted by mature DCs. In particular, histamine, acting upon the H2 receptor for a short period of time, increased IL-10 production and reduced IL-12 secretion. As a result, histamine-matured DCs polarized naive CD4 + T cells toward a Th2 phenotype, as compared with DCs that had matured in the absence of histamine. We propose that the Th2 cells favor IgE production, leading to increased histamine secretion by mast cells, thus creating a positive feedback loop that could contribute to the severity of atopic diseases. mast cells and iDCs are located in the periphery, often in close proximity to each other. Therefore, we reasoned that mast cell-derived mediators might influence T cell polarization by acting on DCs. Among these mediators, histamine, which accounts for about 10% of mast cell granule content, seemed an attractive candidate as a DC instructor, because previous reports showed that it could inhibit IL-12 secretion from monocytes that had been stimulated with bacterial products such as LPS or Staphylococcus aureus Cowon strain 1 (SAC) (23, 24) . We therefore analyzed the effect of histamine on the LPSdriven maturation of DCs, and found that it profoundly alters both the cytokines that DCs express and the capacity of these cells to polarize naive T cells. These findings potentially provide an explanation for the elevated levels of Th2 cells and IgE that are frequently observed in atopic individuals.
Methods
Cells. Human monocyte-derived iDCs were generated by culturing elutriated monocytes (collected from healthy NIH Blood Bank donors) for 6-8 days in medium containing GM-CSF and IL-4, as described (25) . The cultures always contained more than 95% iDCs, based upon analyses of CD1a, CD14, and CD3 surface expression. mDCs were prepared by treating iDCs (1 × 10 6 /ml) with 100 ng/ml (unless stated otherwise) LPS (from Salmonella minnesota; Sigma Chemical Co., St. Louis, Missouri, USA) in the presence or absence of 10 µM (unless stated otherwise) histamine (Sigma Chemical Co.) overnight at 37°C. In some experiments, iDCs were incubated for 1 hour at 37°C with the histamine receptor antagonists pyrilamine (K d = 0.4 nM), cimetidine (K d = 900 nM), and thioperamide (K d = 4 nM), (all from Sigma Chemical Co.), for H1, H2, and H3, respectively (26) . iDCs were then stimulated with LPS and histamine. Supernatants from DC cultures were either stored at -20°C or assayed immediately for cytokine content. CD45RA + , CD4 + naive T cells were obtained from PBMCs of healthy NIH Blood Bank donors by negative selection with a Naive T Cell Column Kit (R&D Systems Inc., Minneapolis, Minnesota, USA); purity of cells was always greater than 95%.
Cytokine assays. Human IL-12 p70 was measured by using DuoSet ELISA Development Kits, following the manufacturer's instructions (R&D Systems Inc.). The detection limit was 10 pg/ml. ELISA kits for human IL-10 (Endogen Inc., Woburn, Massachusetts, USA) had a detection limit of 3 pg/ml. The polyclonal neutralizing goat anti-human IL-10 antibody and its isotype-matched control goat IgG were from R&D Systems Inc., and were used at 50 µg/ml.
Calcium flux. Cytoplasmic Ca 2+ was measured by flow cytometry using the fluo-3 AM fluorescent calcium marker (Molecular Probes Inc., Eugene, Oregon, USA), as described (27) . Briefly, DCs were washed with HBSS and loaded for 30 minutes at room temperature with 4 µM fluo-3 AM in the presence of 0.06% Pluronic F-127 (Molecular Probes Inc.). Cells were diluted fivefold in HBSS containing 1% FCS, incubated for 30 minutes at room temperature, washed three times, and kept at 4°C in HEPES-buffered saline (137 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 5 mM glucose, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 1 mg/ml BSA, and 10 mM HEPES, pH 7.4). Five minutes before FACS analysis, the fluo-3-labeled cells were warmed to 37°C. Proper loading was checked by treating cells with 2 µg/ml of ionomycin.
Mixed lymphocyte reactions. Mixed lymphocyte reactions were performed as described (28) . Briefly, DCs that had been treated with the indicated stimuli were washed, irradiated (25 Gy) Data are expressed as cpm (mean ± SE) of duplicate cultures. For polarization studies, 2.5 × 10 5 naive CD4 + T cells were cocultured in complete medium with irradiated DCs at a 1:10 stimulator to responder ratio. After 4 days, cells were split and expanded for 7-10 days in complete medium supplemented with 50 U/ml recombinant human IL-2 (Hoffman-LaRoche Inc., Nutley, New Jersey, USA), after which they were internally labeled for cytokine production (see below).
Flow cytometry. Cell surface staining was performed using the following monoclonal antibodies from PharMingen (San Diego, California, USA): anti-CD14 PE , anti-CD1a PE , anti-CD80 PE , anti-CD86 FITC , anti-HLA-DR FITC , anti-CD83 PE , and anti-CD40 PE . Anti-MHC I FITC (W6/32) was prepared in this laboratory. Staining was performed in the presence of 100 µg/ml nonimmune human IgG, to block binding to FcγR. Ten thousand cells were acquired for each sample, and dead cells were gated out based on their lightscattering properties. Intracellular staining for cytokines was performed on T cells after IL-2 expansion. T cells (1 × 10 6 /ml) were stimulated with 10 ng/ml PMA and 1 µg/ml ionomycin for 4 hours. Brefeldin A (10 µg/ml) was added during the last 2 hours of culture, to prevent cytokine secretion. Cells were fixed and permeabilized using a commercial kit (PharMingen), and intracellular cytokines were detected with FITC/anti-IFN-γ and PE/anti-IL-4 (PharMingen). Thirty thousand events were acquired for each sample.
RT-PCR. Total RNA was isolated from iDCs using TRIzol (Life Technologies Inc., Rockville, Maryland, USA) according to the manufacturer's instructions. cDNA was synthesized from 2 µg of total RNA using a SuperScript II reverse transcriptase extension kit (Life Technologies Inc.), and amplified using 200 ng of cDNA, with primers complementary to the published sequences of the three histamine receptors, H1, H2, and H3 (29) , or GAPDH (Clontech Laboratories Inc., Palo Alto, California, USA), and a Taq polymerase PCR kit (Life Technologies Inc.). Thirty-five cycles were per-formed (1 minute at 94°C for denaturation, 1 minute at 55°C for annealing, and 1 minute at 72°C for extension). After amplification, portions of the PCR products were electrophoresed on a 1% agarose gel and visualized using ethidium bromide. Controls in which the reverse transcription step was omitted confirmed that the PCR products reflected messenger RNA levels, and not contaminating genomic DNA.
RNase protection assays. Multiprobe RNase protection assays (RPAs) were performed according to the manufacturer's directions (PharMingen) with some modifications. For hybridization, probes were synthesized with [ 33 P]UTP (70-80 µCi/reaction) using a PharMingen In Vitro Transcription Kit. Yeast tRNA and EDTA were then added according to the manufacturer's instructions, and the probe was purified on a G25 Microspin column (Amersham-Pharmacia Biotech, Piscataway, New Jersey, USA) by centrifuging for 2 minutes at 1,000 g. Probe (0.5 × 10 6 to 1.0 × 10 6 cpm) was added to each RNA sample in a final hybridization volume of 10-20 µl, containing at least 50% PharMingen hybridization buffer. For RNase inactivation, a master cocktail containing 200 µl Ambion RNase inactivation reagent (Ambion Inc., Austin, Texas, USA), 50 µl ethanol, 5 µg yeast tRNA, and 1 µl Ambion GycoBlue coprecipitate (Ambion Inc.) per RNA sample was used to precipitate the protected RNA. After adding the individual RNase-treated samples to 250 µl of the cocktail, the samples were mixed, placed at -70°C for 30 minutes, and centrifuged at 16,000 g for 15 minutes in a room-temperature microcentrifuge. The supernatants were decanted, a sterile cotton swab was used to remove excess liquid, and the pellet was resuspended in 3 µl of PharMingen sample buffer. After electrophoresis, dried gels were exposed to Kodak BioMax film for 1-7 days at -70°C. X-ray films were scanned and band intensities quantitated using TotalLab software (Nonlinear Dynamics, Newcastle upon Tyne, United Kingdom).
Results
Immature human DCs express histamine receptors. Histamine signaling is mediated through three surface receptors: H1, H2, and H3 (26) . Since it is not known which histamine receptors, if any, are expressed by DCs, we used RT-PCR to detect receptor message in RNA extracted from human monocyte-derived iDCs. Figure1a shows that iDCs from three different donors express high levels of H1 and H2, and lower, variable amounts of H3; the three histamine receptors were also expressed in mDCs (data not shown). H1 is known to induce an increase in cytoplasmic Ca 2+ upon binding histamine. To determine whether H1 message produced a functional receptor, fluo-3-loaded iDCs, either untreated or preincubated with antagonists specific for each individual histamine receptor, were stimulated with histamine, and intracellular calcium fluxes were followed over time by flow cytometry. As shown in Figure 1b, histamine induced a rapid calcium mobilization, which was specifically abolished by pretreatment with the H1 antagonist. Experiments presented below (see Figure 3b) indicate that H2 receptors are also functional in iDCs. We conclude that iDCs and mDCs express H1, H2, and H3 histamine receptors, and that H1 and H2 are active in iDCs.
Minor effects of histamine on phenotype and stimulatory capacity of DCs. We next tested whether histamine, either alone or in combination with LPS, has any effect on the maturation of DCs. A histamine concentration of 10 µM was used because it is within the range of concentration (2-20 µM) of histamine detected in nasal secretions and bronchoalveolar lavages from allergic patients following antigenic challenge (30) (31) (32) . iDCs were stimulated with LPS in the presence or absence of histamine for 18-24 hours, and then analyzed for surface expression of maturation markers and for the ability to prime naive CD4 + T cells. Histamine alone failed to induce the maturation of DCs, as shown by phenotypic analysis (Table 1) ; thus, histamine had no effect on the maturation marker CD83 or on CD40, although it did cause moderate but consistent increases in CD86, CD80, MHC II, and a slight decrease in MHC I. Small histamine-mediated effects on iDC phenotype have also been seen by others (33, 34) . Incubation of iDCs Incubation of iDCs with histamine causes an increase in intracellular calcium that is blocked by an H1-specific antagonist. Fluo-3-loaded iDCs were preincubated at 0°C for 30 minutes with the indicated histamine receptor antagonist, warmed at 37°C for 1 minute, and at the time indicated by the arrow, stimulated with 10 µM histamine. Similar data were obtained with iDCs from two other donors. Antag, antagonist; Hist, histamine; MFI, mean fluorescence intensity.
with LPS, a strong inducer of maturation, caused sharp increases in all markers tested, and the presence of histamine had little effect on these increases. Consistent with its inability to significantly alter the phenotype of DCs, histamine had little effect on the capacity of DCs to stimulate proliferation of allogeneic CD45RA + , CD4 + naive T cells. As shown in Figure 2a , DCs that had matured in cultures containing LPS plus histamine stimulated naive T cells about as effectively as DCs that had matured in LPS alone. Moreover, iDCs incubated in medium alone failed to activate naive T cells, as expected, and treating iDCs with histamine in the absence of LPS did not confer stimulatory capacity. Finally, addition of anti-IL-10 (see below) to histamine-treated iDCs did not produce APCs that stimulated proliferation of naive T cells (data not shown).
Histamine alters the expression of cytokines and chemokines in maturing DCs. DC maturation is associated with increased synthesis of a number of cytokines that act on T cells to induce a Th1 or Th2 phenotype. Since histamine failed to influence the phenotype and priming capacity of DCs, we asked whether it might affect cytokines produced by DCs. Accordingly, we performed a series of ELISAs and RPAs (one of which is shown in Figure 2b ), using culture supernatants and RNA samples from DCs that had been matured with LPS in the presence or absence of histamine. The results of these studies, which are summarized in Table 2 , indicate that histamine indeed greatly influences the expression of multiple cytokines and chemokines. Thus histamine either totally or partially blocked the LPS-mediated induction of IL-12 (both subunits, p35 and p40), IL-1α and IL-1β, IL-18, IL-6, IP-10, MIP-3α, and RANTES; by contrast, histamine increased the expression levels of IL-8 and IL-10.
Histamine inhibits IL-12 secretion in LPS-treated DCs via H2 receptors. We next analyzed the mechanism of action of histamine on iDCs by focusing on IL-12, one of the cytokines affected by histamine. Figure 3a shows the production of IL-12 p70, the biologically active form of IL-12, in supernatants of DCs that had matured in culture medium containing LPS and increasing amounts of histamine. As seen, DCs that were treated with LPS alone released substantial amounts of IL-12. However, as the histamine concentration increased, IL-12 secretion decreased in a dosedependent way. In seven independent experiments, the addition of a saturating concentration of histamine (10 µM) to LPS-stimulated iDCs inhibited secretion of
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The IL-12 by an average of 73% ± 8% (range 50-95%). To determine which histamine receptor was responsible for this effect, we preincubated DCs with histamine receptor antagonists at concentrations that spanned the published IC 50 values for each of the three receptors, before adding LPS and histamine. Figure 3b shows that the H2, but not the H1 or H3 antagonists, reversed the suppressive effect of histamine on IL-12 secretion, indicating that inhibition is mediated by the binding of histamine to H2. In addition, RPA analyses revealed that most, if not all, of the histamine-induced changes described in Table 2 were blocked by the H2 antagonist exclusively (data not shown). Therefore, the H2 receptor is not only expressed at the RNA level in iDCs (Figure1), but is also expressed as a functionally active receptor on their surface.
The IL-12 levels we detected in Figure 3 , a and b, were derived from DCs that were undergoing maturation. During the priming of naive T cells by mDCs in the secondary lymphoid organs, engagement of CD40 on mDCs is necessary for continued IL-12 release (35). We therefore asked whether mDCs, after removal of LPS and histamine, would remember the original maturation conditions when stimulated with CD40L. DCs were treated overnight with either LPS or LPS plus histamine, thoroughly washed, and then cultured with or without soluble CD40L for another 18 hours. As seen in Figure 3c , CD40 engagement induced high levels of IL-12 secretion from LPS-matured DCs, but cells that had been matured in LPS with histamine produced much lower amounts of IL-12.
IL-10-dependent and -independent processes inhibit IL-12 secretion. It is well established that IL-10 inhibits IL-12 secretion in monocytes and DCs (36) . Since histamine and LPS together induce iDCs to secrete high amounts of IL-10 (Figure 4a ), we asked whether IL-10 is involved in the suppression of IL-12 in histamine-treated DCs. iDCs were therefore treated for 18 hours with LPS in the presence or absence of histamine and/or anti-IL-10, and supernatants were analyzed for IL-12 content. Figure 4b shows that the neutralization of IL-10 in cultures of LPS-treated iDCs, in the absence of histamine, induced a six-to sevenfold increase in IL-12, confirming a previous report on the regulatory role of IL-10 in iDCs under similar conditions (37) . When cells were matured with LPS and saturating concentrations of histamine in the presence of the anti-IL-10 antibody, the levels of IL-12 were significantly decreased, indicating that histamine can regulate IL-12 secretion independently of IL-10. However, the inhibition of IL-12 was incomplete compared with cultures containing histamine but no anti-IL-10 (83% vs. 96% inhibition, respectively, for the donor in Figure 4 ), suggesting that a portion of the histamine effect is IL-10-dependent.
Short-term treatment with histamine instructs iDCs to secrete low levels of IL-12.
Within a few hours of receiving a maturation signal, iDCs leave peripheral tissues and migrate to the draining lymph nodes. Therefore, histamine must exert its effect on iDCs during the first few hours of the maturation process if it is to have receptors. iDCs were incubated with titrated amounts of histamine receptor antagonist, and after 1 hour, LPS and histamine were added. Cells were cultured for an additional 20 hours, after which supernatants were harvested and assayed for IL-12. The following histamine receptor antagonists were used: the H1 antagonist pyrilamine at 100, 10, and 1 nM; the H2 antagonist cimetidine at 100, 10, and 1 µM; and the H3 antagonist thioperamide at 1,000, 100, and 10 nM. Similar data were obtained in two other experiments. (c) The histamine-mediated inhibition of IL-12 secretion persists in CD40L-stimulated mDCs. DCs were matured with LPS alone, or LPS plus histamine for 18 hours. After washing, cells were stimulated for an additional 18 hours with either medium only or with soluble CD40L, and IL-12 levels were determined in supernatants. One of three experiments is shown. physiological relevance. To determine the length of time that iDCs must be in contact with histamine for IL-12 secretion to be downregulated in mDCs, iDCs were treated with histamine plus LPS for 1, 3, or 6 hours, after which histamine was removed and replaced with medium containing LPS alone. After a total of 24 hours of incubation, supernatants were tested for IL-12 content. Controls included iDCs that had been incubated in medium alone, medium containing only LPS, and medium containing both LPS and histamine for the full 24 hours. Figure 5 shows that even a 1-hour treatment with histamine was sufficient to markedly decrease IL-12 production, and that further decreases with time were minor. Thus, a short-term exposure to histamine during the early stages of maturation instructs iDCs to secrete low levels of IL-12 after they have reached the mature state.
Altered polarization of naive T cells by histamine-treated DCs.
Because cytokines such as IL-10 and IL-12 determine the Th1-Th2 balance of responding T cells, we reasoned that histamine-treated DCs might polarize T cells differently than would DCs matured in the absence of histamine. Therefore, naive CD45RA + , CD4 + T cells were stimulated with allogeneic DCs that had been matured with LPS in the presence or absence of histamine. Following stimulation and expansion in IL-2-containing medium, the patterns of IL-4 and IFN-γ production by the DC-primed T cells were analyzed by internal staining and flow cytometry. FACS profiles from two representative donors are shown in Figure 6a . As seen, histamine treatment of DCs resulted in dramatic decreases in the percentages of IFN-γ-positive T cells and increases in IL-4-positive cells. Despite considerable donor variability, especially in the percentages of IL-4-producing cells, this trend was consistent among the six donors tested (Figure 6b) . Thus, by influencing the repertoire of cytokines secreted by DCs, histamine has the capacity to tilt primary T cell responses toward a Th2 phenotype.
Discussion
Histamine is a major causative factor of atopic diseases such as allergy, asthma, anaphylaxis, and atopic dermatitis. In this report we show that histamine, by acting directly on iDCs, also has the capacity to influence the development of adaptive responses to antigen. We initially demonstrated that iDCs express at least two active histamine receptors, H1 and H2. Histamine alone did not induce the maturation of iDCs, nor did it significantly alter the phenotypes or priming capacities of DCs that had been matured by LPS stimulation. In contrast to its mild effects on iDCs in the absence of a maturation signal, histamine displayed a remarkable capacity for regulating the expression and secretion of a wide variety of cytokines and chemokines during LPS-driven maturation. Of special importance, hista-
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The mine, by acting on the H2 receptor during the initial phase of maturation, downregulated the production of IL-12 by mature DCs, a crucial cytokine for the development of Th1 responses. As expected from these results, DCs that had matured in the presence of histamine generated fewer Th1 cells and higher numbers of Th2 cells than did DCs that had matured in medium devoid of histamine. Histamine regulates a large number of cytokines and chemokines in maturing DCs, certainly more than those listed in Table 2 . Moreover, mast cells release a wide variety of physiologically active substances in addition to histamine, and it is possible that specific combinations of mediators would induce distinct repertoires of cytokines, allowing for fine-tuning of T cell responses. Of the cytokines affected by histamine treatment, IL-10, IL-12, and IL-18 have been implicated in T cell polarization. The downregulation of IL-12 and IL-18, both of which are strong promoters of Th1 development (1, 38) , is undoubtedly a key element in the decreased generation of Th1 cells by histaminetreated DCs. The generation of Th2 cells is more difficult to explain. IL-4, a major inducer of Th2 cells, was not detected in our DC preparations at the message level, even after treatment with LPS and histamine. However, in some systems, the development of Th2 cells does not require APC-derived IL-4 (5, 39), and it has been postulated that in the absence of IL-12 and IL-4, Th2 cells arise from a default pathway (40) . It is also possible that histamine tilts the T cell responses toward the Th2 phenotype by acting at the level of costimulatory molecules. CD86 (B7.2) is required for the development of Th2 responses (16, 41) , and our data, in addition to previously published results (34) , indicate that histamine alone, while failing to induce complete DC maturation, is able to upregulate expression of CD86 in DCs. Moreover, we found that the expression levels of CD86 in DCs matured in the presence of LPS and histamine were higher than in DCs matured in the absence of histamine, whereas the opposite trend was observed for CD80 (B7.1) (Table 1) . Thus, histamine might induce a Th2 response by selectively upregulating the expression of CD86 in DCs that are undergoing maturation.
The modulation of IL-12 and other cytokines and chemokines by histamine was mediated by the H2 histamine receptor, a typical G protein-coupled receptor
Figure 5
Short-term incubations with histamine suppress IL-12 production. iDCs were incubated with LPS in the presence or absence of histamine for the indicated periods of time, after which the cells were washed and replated with fresh medium containing LPS but no histamine. Secreted IL-12 was determined after a total of 24 hours. Similar results were obtained in two other experiments. The histamineinduced decrease was significant (P < 0.01) at all timepoints. P values for DCs treated with LPS plus histamine: 0.12 (1 hour vs. 3 hours); < 0.001 (1 hour vs. 6 hours); and 0.04 (1 hour vs. 24 hours). containing seven transmembrane domains, that interacts with G s and activates adenylyl cyclase (26) . A number of other agents, including cholera toxin, prostaglandin E2, β2-agonists, and ATP inhibit IL-12 production in DCs via the G protein-adenylyl cyclase pathway (14, 15, 23, (42) (43) (44) (45) (46) (47) (48) , and shift the Th balance of responding T cells toward the Th2 phenotype (14, 44, 47) . However, all these agents, with the exception of prostaglandin E2, are intrinsically able to induce full maturation of DCs, whereas histamine fails to do so. Indeed, the changes in phenotype and cytokine production in our DC preparations following histamine treatment were minimal, and did not generate APCs that were able to induce proliferation of naive CD4 + T cells. Histamine has dramatic effects on DCs and their T cell-polarizing capacities only if given concomitantly with LPS, or, presumably, other inflammatory agents. Therefore, despite the signaling through a cAMP-dependent pathway that is common to several other Th2-promoting mediators, histamine and prostaglandin E2 are unique in their requirement for a microbial priming signal to exert their effects.
An important aspect that further differentiates histamine from other cAMP-dependent, Th2-inducing agents is the mechanism by which it regulates IL-12 secretion. In fact, none of the mediators listed above has any effect on the production of IL-10, either when given alone or in combination with LPS, and they inhibit IL-12 secretion in an IL-10-independent fashion. In contrast, IL-10 expression is induced by either LPS or histamine alone, and together the two stimulators act additively, or perhaps synergistically ( Figure  4a ); in addition, anti-IL-10 partially reversed the histamine-induced inhibition of IL-12 in LPS-treated DCs. However, the amount of IL-10 released by DCs treated with LPS plus histamine was not sufficient to inhibit DC maturation, as reported in other systems (37, 49) . Finally, previous observations that histamine inhibits IL-12 secretion in a totally IL-10-independent manner in monocytes (23, 24) suggests that histamine regulates IL-12 secretion differently in monocyte-derived DCs than in the monocytes themselves. The positive stimulus for IL-12 expression occurs through TLR4, the signaling receptor for LPS (50, 51) . The recognition of LPS by TLR4 initiates a cascade of serine and threonine kinases that results in the activation of NF-κB and several members of the MAP kinase family. Previous studies have shown that IL-10 blocks IL-12 expression by inhibiting NF-κB activation (52, 53) ; how the histamine/H2 receptor, IL-10, and LPS/TLR4 pathways interact during the instructional phase of DC maturation to produce an appropriate repertoire of cytokines at the priming step remains unclear. The important aspect of the interactions between the LPS and histamine pathways for DC function is that a short-term treatment with histamine during LPS stimulation leads to an alteration of IL-12, and presumably other cytokines, many hours later. In vivo this would allow the DCs to receive instructional signals in the periphery and subsequently act upon them while priming T cells in the lymphoid organs.
Since mast cells represent the main source of histamine in peripheral tissues, signals such as IgE crosslinking, or direct stimulation with pathogens that induce mast cell degranulation and histamine release, could profoundly influence the outcome of an immune response by programming the cytokineexpressing potential of neighboring iDCs. Upon receiving a maturation signal, such iDCs would migrate to the draining lymph nodes and present antigens to naive T cells in the context of Th2-promoting cytokines. Since Th2 cells facilitate the production of IgE, the major mediator of histamine release when bound to FcεRI on mast cells, the secretion of Th2-promoting cytokines by iDCs could establish a positive feedback loop that would contribute to the severity of the disease and explain the elevated levels of IgE and Th2 cells that are often observed in atopic patients (54) .
